Background: Although the role of axillary imaging has been redirected for predicting high nodal burden rather than predicting nodal metastases since ACOSOG Z1011 trial, it remains unclear whether and how axillary lymph node (ALN) characteristics predicts high nodal burden. Our study was aimed to evaluate the predictive value of imaging characteristics of ALNs at ultrasound and magnetic resonance imaging (MRI) for prediction of high nodal burden (≥3 metastatic ALNs) in clinically node-negative breast cancer patients. Methods: Clinicopathological and imaging characteristics were evaluated in patients with ultrasound (n = 312) and MRI (n = 256). Imaging characteristics include number of suspicious ALNs and cortical morphologic changes (grade 1, cortical thickness < 2 mm; grade 2, 2-5 mm; grade 3, ≥5 mm or fatty hilum loss). Odds ratios (ORs) were calculated using multivariate analysis. Results: For ultrasound, higher (≥2) T stage (OR = 5.65, P = .005), higher number of suspicious ALNs (2 suspicious ALNs, OR = 6.52, P = .019; ≥ 3 suspicious ALNs, OR = 21.08, P = .005), and grade 3 of cortical morphologic changes (OR = 9.85, P = .023) independently associated with high nodal burden. For MRI, higher (≥2) T stage (OR = 5.17, P = .011) and higher number of suspicious ALNs (2 suspicious ALNs, OR = 69.00, P = .001; ≥ 3 suspicious ALNs, OR = 93.55, P < .001) were independently associated with high nodal burden. Among patients with 2 suspicious ALNs, those with grade 3 cortical morphologic change at ultrasound had a higher rate of high nodal burden than those with grade 2 (60.0% [3/5] vs. 25.0% [2/8]). Conclusions: A higher number of suspicious ALNs is an independent predictor for high nodal burden. Further stratification can be achieved by incorporating assessment of ultrasound-based cortical morphologic changes.
Background
The surgical evaluation of axillary lymph node (ALN) metastases is crucial for guiding further treatment of breast cancer patients. For the patients with clinically node-negative diseases, sentinel lymph node biopsy (SLNB) is the gold standard for assessing ALN metastasis, and further axillary lymph node dissection (ALND) is generally not required if metastatic ALNs were not detected in SLNB [1, 2] . Indeed, even if the metastases are observed, but are limited to 1 or 2 ALNs (i.e., low nodal burden), large studies by the American College of Surgeons Oncology Group (ACOSOG) Z1011 and International Breast Cancer Study Group (IBCSG) 23-01 trials have shown that ALND offers no additional diagnostic or therapeutic benefit [3, 4] .
Since the publication of ACOSOG Z1011 trial, the role of axillary imaging has been redirected for predicting high nodal burden (≥ 3 metastatic ALNs) rather than predicting the presence of nodal metastases. Predicting high nodal burden can facilitate individualized treatment strategies for applying neoadjuvant chemotherapy and selecting type of initial axillary surgery (SLNB vs. ALND), as well as for guiding adjuvant radiotherapy. Ultrasound is generally used in evaluating nodal metastases that is easy to perform without radiation or contrast injection. Magnetic resonance imaging (MRI) can be used to evaluate nodal metastases with advantages over ultrasound for the visualization of the entire area of the axilla irrespective of patient characteristics (e.g., obesity) or the experience of breast imager. Recent studies have reappraised the role of ultrasound and MRI in predicting high nodal burden [5] [6] [7] [8] [9] . However, it remains unclear whether and how ALN imaging characteristics predicts high nodal burden. We also sought to determine if the cortical morphological changes of ALNs predicted high nodal burden, as well as the number of suspicious ALNs, generally used in previous studies. Thus, the purpose of this study was to evaluate the independent values of the ALN imaging characteristics at ultrasound and MRI for predicting high nodal burden in clinically node-negative breast cancer patients.
Methods

Ethical considerations
This study was approved by the Institutional Review Board of Kyungpook National University Chilgok Hospital. The requirement for informed consent was waived for this retrospective analysis of observational registry.
Patients
A total of 451 breast cancer patients who had preoperative ultrasound or MRI and underwent axillary surgery for nodal staging between December 2016 and November 2017 at Kyungpook National University Chilgok Hospital were identified from an observational registry of our institution. The following cases were excluded: patients who received neoadjuvant chemotherapy (n = 80); patients who underwent excisional or vacuum-assisted biopsy (n = 42); patients with synchronous bilateral breast cancers (n = 13); and patients with clinically node-positive breast cancer (n = 4). Therefore, 312 patients with clinically node-negative breast cancer were included in our retrospective analysis.
Image acquisition and analysis
Axillary ultrasound was performed by two breast radiologists (H.J.K. and W.H.K., with 18 and 10 years of experience, respectively) with iU22 system (Philips-Advanced Technology Laboratories, Bothell, WA, USA) equipped with a 50 mm L12-5 MHz transducer and Aixplorer system (SuperSonic Imagine, Aix en Provence, France) equipped with a 50 mm SL15-4 MHz transducer. Breast MRI was performed in prone position using a 3.0-T system (Discovery MR750, GE Healthcare, Waukesha, WI) with a dedicated eight-channel surface breast coil. Each patient was administered 0.1 mL/kg of gadobutrol contrast agent (Gadovist, Bayer Schering Pharma, Berlin, Germany) injected at a rate of 1 mL/s. Axial T1-weighted images (repetition time/echo time [TR/TE]: 746/10; matrix: 352 × 256; slice thickness: 3 mm) and axial fat-suppressed T2-weighted images (TR/TE, 8087/88; matrix, 384 × 256; slice thickness, 3 mm) were acquired. Dynamic contrast-enhanced bilateral axial MR examination included one precontrast and five postcontrast phases using three-dimensional gradient-echo, fat-suppressed, T1-weighted imaging (TR/TE, 4/2; matrix, 288 × 416; flip angle, 15°; slice thickness, 1 mm).
Radiologists assigned for ultrasound and MRI interpretation documented tumor size, the number of suspicious ALNs, and imaging characteristics of the most suspicious ALN in our registry database. Imaging characteristics were evaluated as follows: cortical thickness, short diameter (SD), long diameter (LD), and the presence of fatty hilum loss. For the cortical thickness, SD, and LD assessments, radiologists were required to measure using the non-enhanced, fat-suppressed T1-weighted images to avoid errors due to the hilar vascular density caused by contrast enhancement. For the determination of presence of fatty hilum loss, radiologists were required to perform a comprehensive review of all the sequences [10] . The ALN was considered to be suspicious when one or more findings were noted as follows: cortical thickness > 2 mm and presence of eccentric cortical thickening or fatty hilum loss [9, [11] [12] [13] [14] .
Reference standard
All patients underwent SLNB or axillary sampling (AS) with or without ALND for axillary nodal staging, and the final pathological nodal status was determined based on the examination of the surgical specimens. For patients with no suspicious ALNs at axillary imaging, the surgeons generally performed SLNB or AS. AS is defined when non-SLNs are removed in addition to removal of SLNs [15] . All non-SLNs that were suspicious on inspection or palpation were removed and submitted for intraoperative frozen sections. For patients with frozen biopsy samples (SLN and non-SLNs) that revealed metastasis, ALND was generally performed for complete removal of all nodes. ALNs were examined using hematoxylin and eosin staining, and classified as negative or positive for metastases. All histopathologic evaluations were performed by two pathologists with 18 and 10 years of experience in breast pathology.
Data collection and statistical analysis
The following clinicopathological information was evaluated: age, histologic type, pathological T stage, multifocality, tumor location, histologic grade, estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) status and type of axillary surgery. The expression of ER, PR, and HER2 was assessed by immunohistochemical staining. Quantification of ER and PR expression was performed using the Allred score: a score of > 2 was considered positive [16] . Tumors expressing ER and/or PR were defined as hormone receptor (HR)-positive. A HER2 score of 0 or 1 was considered HER2-negative, a value of 3 was considered HER2-positive, and a value of 2 was considered equivocal. For equivocal cases, silver-enhanced in situ hybridization was performed, and a HER2/CEP17 ratio of ≥2 or HER2/CEP17 ratio of < 2 with an average HER2 copy number of ≥6 were considered HER2-positive [17] .
The clinicopathological characteristics were compared using a chi-square test between 1) patients undergoing ultrasound vs MRI and 2) patients with low (≤ 2 metastatic ALNs) and high (≥ 3 metastatic ALNs) nodal burden. The each imaging characteristic was classified into three groups and compared between groups with low and high nodal burden using chi-square for trend. Cortical morphologic changes were classified as grade 1-3: grade 1,cortical thickness < 2 mm; grade 2, 2-5 mm; grade 3, ≥ 5 mm or the presence of fatty hilum loss. Odds ratios (ORs) and 95% confidence intervals (95% CIs) for predicting high nodal burden were calculated with univariate logistic regression analysis, and variables with P < .05 were selected for the final multivariate model. All statistical analyses were performed with SPSS version 24.0 (Chicago, IL, USA) and MedCalc version 17.1 (Mariakerke, Belgium). Two-tailed P values of < 0.05 were considered statistically significant.
Results
Clinicopathological characteristics in 312 patients are shown in Table 1 . Mean patient age was 53.0 years (range, 23.0-85.0 years). The median number of sampled ALNs was 4 (range, 1-34). All patients underwent ultrasound, and 256 patients underwent MRI prior to surgery. There were no significant differences in the clinicopathological characteristics between the ultrasound and MRI groups. Among all patients, 19 patients (6.1%) were classified as Table 2 . Higher (≥2) T stage was more frequently found in the high nodal burden group than in the low nodal burden group (15.8% vs. 3.0%, P < .001). Other clinicopathological characteristics were not significantly different between the two groups. Imaging characteristics of the ALNs in groups with high and low nodal burden are demonstrated in Table 3 . Among patients with ultrasound, there were significant differences between two groups in the number of suspicious ALNs (P < .001), cortical morphologic features (P < .001), and SD (P = .009). Among patients with MRI, there were significant differences between two groups in the number of suspicious ALNs (P < .001), cortical morphologic features (P < .001), SD (P = .025), and LD (P = .036). In multivariate analysis (Table 4) , among patients with ultrasound, higher (≥2) T stage (OR = 5.65, P = .005), higher number of suspicious ALNs (2 suspicious ALNs, OR = 6.52, P = .019; ≥ 3 suspicious ALNs, OR = 21.08, P = .005), and higher grade (grade 3) of cortical morphologic changes (OR = 9.85, P = .023) were independently associated with high nodal burden. Among patients with MRI, higher (≥2) T stage (OR = 5.17, P = .011) and higher number of suspicious ALNs (2 suspicious ALNs, OR = 69.00, P = .001; ≥ 3 suspicious ALNs, OR = (Figs. 2 and 3) . The rate of high nodal burden was highest as 80.0% (4/5) in patients with ≥3 suspicious ALNs and grade 3 morphologic changes. Among patients with MRI, the rates of high nodal burden according to the number of suspicious ALNs were 1.1% (2/181), 4.5% (2/44), 38.9% (7/18), and 46.2% (6/13) for the patients with 0, 1, 2, and ≥ 3 suspicious ALNs, respectively.
Discussion
Preoperative knowledge of nodal burden with axillary imaging can help stratify clinically node-negative breast cancer patients into the following groups. The first group contains patients eligible for neoadjuvant chemotherapy. Although our study population only consisted of clinically node-negative patients, 20% (89/ 312) had metastatic ALNs and 6% (19/312) had high nodal burden, probably due to the limited accuracy of physical examination [18, 19] . By receiving neoadjuvant chemotherapy, patients with high nodal burden may experience a reduction in nodal burden, and therefore avoid ALND. The second group contains patients who would derive specific benefit from SLNB vs. ALND directly. If patients were predicted to have low nodal burden, SLNB would be important for nodal staging. In contrast, direct ALND (instead of twostaged axillary surgery) would be more effective among patients predicted to have high nodal burden. The third group contains patients who may benefit from regional nodal irradiation. According to results from the After Mapping Axillary Radiation Therapy or Surgery (AMAROS) trial, axillary radiation therapy can be used as an alternative to ALND in node-positive patients [20] . In addition, accumulating evidence suggests a potential benefit of adding regional nodal irradiation to whole-breast or post-mastectomy radiation [21, 22] . Since radiation therapy influences reconstructive surgery planning, preoperative knowledge of nodal burden would allow surgeons to develop individualized strategies. Our study showed that patients with higher T stages and a higher number of suspicious ALNs at axillary imaging were more likely to have high nodal burden, compared to patients with lower T stages and a lower number of suspicious ALNs. Furthermore, ultrasound-based cortical morphologic change of the ALN was also an independent predictor for high nodal burden; the probability of high nodal burden increased with the increase in the grades of cortical morphologic changes. Patients with 2 suspicious ALNs and grade 3 cortical morphologic changes had a higher incidence of high nodal burden than those with 3 suspicious ALNs and grade 2 cortical morphologic changes (60.0% vs. 33.3%). Cortical morphologic change is a well-established sign of metastases as metastatic cells reside in the nodal cortex [23, 24] . Our results imply that patients with grade 3 cortical morphologic changes are more likely to have metastases in other ostensibly normal ALNs.
However, MRI-based cortical morphologic change was not independently associated with high nodal burden. There were discrepancies in predictive values of imaging characteristics predicting high nodal burden between ultrasound and MRI. This is probably due to the lower resolution of an MRI for the axilla than ultrasound; discrimination between fatty hilum and cortex may be inaccurate in an MRI with a relatively high field of view. In addition, differences in the time interval between breast biopsy and the timing of imaging acquisition (ultrasound vs. MRI) could in part account for the discrepancies in the predictive values. In our practice, ultrasound for staging was performed prior to MRI and after biopsy (usually performed in outside facilities).
Among the clinicopathological and imaging characteristics, the number of suspicious ALNs was the strongest predictor for both ultrasound and MRI. Among patients with ≥3 suspicious ALNs, the probability of having high Fig. 3 A 37-year-old woman diagnosed with invasive ductal carcinoma. a A confirmed, 2.3-cm malignant mass was observed in the upper inner quadrant of the left breast. b Two suspicious axillary lymph nodes (ALNs) were observed in the ipsilateral axilla. The most suspicious ALN (arrow) exhibits grade 3 cortical morphologic change with fatty hilum loss. This patient was confirmed to have high nodal burden, with 10 metastatic ALNs out of 10 ALNs nodal burden was 62.5% at ultrasound and 46.2% at MRI; ORs were 21.08 and 93.55 for ultrasound and MRI, respectively. Among patients with 2 suspicious ALNs, the probability of having high nodal burden was 38.5% at ultrasound and 38.9% at MRI; ORs were 6.52 and 69.00 for ultrasound and MRI, respectively. In contrast, when patients had 0-1 suspicious ALNs at preoperative imaging, the probability of having high nodal burden was very low as 3.1 and 1.8% at ultrasound and MRI, respectively. Our data are consistent with previous studies wherein detection of a limited number of suspicious ALNs at ultrasound or MRI could reliably exclude the presence of high nodal burden [6] [7] [8] [9] 25] . However, these studies used variable criteria to exclude the presence of high nodal burden, and the definition of high nodal burden was different (pN2-N3 or ≥ 3 metastatic ALNs) among studies. Our data showed in detail how different numbers of suspicious ALNs can differently predict high nodal burden, defined as ≥3 metastatic ALNs based on ACOSOG Z1011 trial. One finding of particular interest relates to the presence of 1 or 2 suspicious ALNs at axillary imaging: detection of 1 suspicious ALN had a high negative predictive value for the presence of high nodal burden (93.5 and 95.5% for ultrasound and MRI, respectively). Even when 2 suspicious ALNs were detected at ultrasound, the probability of having high nodal burden was low as 25.0% if the ALN showed grade 2 cortical morphologic changes, but increased to 60.0% if the ALN showed grade 3 changes. Patients with latter group may require neoadjuvant chemotherapy, ALND, or adjuvant regional nodal irradiation.
This study has several limitations. First, our results should be interpreted in light of low prevalence of high nodal burden in our study population. Nevertheless, ultrasound-and MRI-based imaging characteristics were independently associated with high nodal burden, supporting the predictive value of axillary imaging. In addition, due to the limited number of patients with high nodal burden, our power to perform more stratified analyses was limited, particularly for the MRI group. Third, not all patients underwent ALND for the specific purpose of pathologic determination, and node-to-node analysis was not performed. Fourth, the role of diffusion-weighted imaging (DWI) in MRI for predicting high nodal burden was not investigated. DWI has been reported to be feasible for differentiating metastatic from non-metastatic axillary lymph node [26] , and may contribute to predict high nodal burden; however, future study is needed to elucidate the role. Finally, the dedicated axillary MRI protocol using surface coil was not used in this study. Several previous studies demonstrated the role of the dedicated axillary MRI that would give rise to different criteria or predictive value from that obtained in our study [27, 28] .
Conclusions
ALN imaging characteristics at ultrasound and MRI, as well as clinicopathological characteristics can be used to predict nodal burden in clinically node-negative breast cancer patients. A higher (2 or ≥ 3) number of suspicious ALNs is an independent predictor for high nodal burden. Further stratification can be achieved by incorporating assessment of ultrasound-based cortical morphologic changes. 
